Background. Injection drug use (IDU) is a major risk factor for infective endocarditis (IE). Few data exist on repeat IE (rIE) in persons who inject drugs (PWID).
Injection drug use (IDU) is a well-known risk factor for infective endocarditis (IE), and people who inject drugs (PWID) now account for an increasing proportion of cases of community-onset IE [1] . As a consequence, approximately 16% of cases of IE in North America are now attributable to IDU [2] . In North Carolina, there was a 12-fold increase in hospitalization related to injection drug use-associated IE (IDU-IE) from 2010 to 2015, with the hospital costs for managing those infections exceeding $22 million by 2015 [3] . Not surprisingly, IE has been identified as 1 of the infections of concern in relation to the opioid crisis [4] . Among all persons who experience an initial episode of IE, repeat IE (rIE) is estimated to occur in 2%-31% [5] [6] [7] . A recent review from the International Collaboration on Endocarditis (ICE) identified IDU as the strongest independent risk factor for rIE [5] . Although prior reviews on rIE include PWID as 1 of the risk groups for rIE [5, 6, 8] , a dedicated review of rIE in PWID has not previously been published. In particular, the timing of onset after the first episode, causative pathogens, illness severity, and outcomes have not been well characterized in PWID. In this retrospective study, we describe the demographics, clinical characteristics, and outcomes of rIE in PWID and attempt to determine which clinical factors within a group of PWID with prior IE might predispose to recurrence.
METHODS

Study Subjects and Inclusion Criteria
Medical records of patients ≥18 years of age admitted to Wake Forest Baptist Medical Center (WFBMC) from January 2004 to January 2017 were retrospectively queried for admissions associated with International Classification of Diseases (ICD)-9 and ICD-10 diagnosis codes for endocarditis in any encounter setting. Patients with an ICD-9 of 996.0 were removed in an attempt to exclude cases related to cardiac devices. The remaining 1141 individual records were manually reviewed to evaluate inclusion criteria and extract all data. Cases were restricted to patients with a diagnosis of possible or definite endocarditis by the modified Duke criteria [9] who acknowledged IDU in the 3 months before admission. The subset of PWID who experienced rIE, defined as another episode of possible or definite endocarditis occurring at least 10 weeks after the date of diagnosis of the first documented episode [5] , were then selected for further detailed review. The study was approved by the institutional review board, with the need for informed consent waived given the retrospective nature of the investigation.
Study Data and Definitions
Basic demographic data including age, gender, race, and county of residence were extracted. Area of residence was defined as metro or nonmetro using the US Department of Agriculture guidelines [10] . Route, type, and timing of any reported drug use were recorded. The results of admission laboratory studies, including HIV and hepatitis C virus testing, and all culture and susceptibility results were extracted from the record. Microbial growth from 2 or more blood cultures or from a single valve tissue culture was accepted as proof of etiology for the episode of IE. To characterize illness severity, laboratory evaluations at the time of admission, days of fever ≥100.4°F, Pitt bacteremia score [11] , and APACHE II [12] score were assessed. Duration of bacteremia, type and results of echocardiography, and complications of infection including need for intensive care admission were assessed. Invasive management interventions including surgical procedures (valve repair, replacement, or annuloplasty) and removal of vegetations using a percutaneous vegectomy device [13] were documented. For repeat IE admissions, an episode caused by a microorganism of the same species (same organism and no more than 1 discrepancy on susceptibility testing) within 6 months of the initial episode was classified as relapse, whereas all other episodes were classified as reinfections [14] . Outcomes in 87 patients with IDU-IE were followed for at least 12 months from the initial IE episode using both the electronic medical record and the North Carolina Vital Statistics database. Costs presented are total costs extracted directly from the records of the bill created for the patient encounter. Patient data were managed using Excel 2016 (Microsoft Corp., Redmond, WA) and Research Electronic Data Capture (REDCap) [15] .
Statistical Analysis
Categorical variables were analyzed with the chi-square, Fisher exact, and McNemar tests, and continuous variables were evaluated using the t test or Mann-Whitney U test; 2-tailed P values <.05 were considered statistically significant. Those who survived but experienced a single episode of IE (sIE) were compared using stepwise logistic regression with those with rIE to look for variables that were associated with rIE; all variables meeting P < .2 were included in the model and retained at a threshold of P < .05. All statistical tests were performed using SPSS, v.18.0 (IBM Corp., Armonk, NY). Kaplan-Meier survival curves were used to examine 1-year survival between those with sIE and those with rIE.
RESULTS
Clinical and Demographic Characteristics of PWID With rIE
Ninety-four patients with IE were classified as PWID (Figure 1 ). Of these, 7 (7.5%) died during their initial episode of IE. Among the 87 survivors, 22 (25.3%) experienced rIE ( Figure 1 ). Seventeen episodes of rIE (77.3%) occurred within 1 year of the initial episode. Those with recurrences were Caucasian (100%), resided predominately in nonmetro areas (68.2%), and injected primarily prescription opioids between admissions (68.2%). Thirteen (59.1%) patients received referrals to outpatient substance use clinics during their first admission ( 
Comparison of First and Repeat Episodes of IE in PWID With rIE
Comparative features of the first and second episodes of IE in those who experienced rIE are presented in Table 2 . Rates of tricuspid valve (TV) vegetations (72.3% vs 77.3%, P = 1), left-sided involvement (18.2% vs 31.8%, P = .25), and multivalve involvement (9.1% vs 18.2%, P = .62) were similar between episodes. S. aureus was less commonly identified as the microbial etiology with rIE (95.5% vs 54.5%, P = .01). Repeat IE was associated with shorter median duration of bacteremia (1 vs 3 days, P = .04) and trended toward fewer surgical interventions (22.7% vs 59.1%, P = .06), but the frequency of detection of vegetations by transthoracic echocardiogram (TTE; 86.4% vs 45.5%, P = .04) and the median Pitt bacteremia score (3.0 vs 1.0, P = .06) were both higher.
Comparison of First Episodes of IE in PWID Who Did and Did Not Experience rIE
Clinical features of the initial episode of IE in PWID who experienced and survived only a single episode of endocarditis were then compared with the clinical features of first episodes of IE in those patients who developed rIE (Table 3) . During their initial episode of IE, PWID who later experienced rIE had a greater incidence of prescription opioid injection (95.5% vs 67.7%, P = .01), more frequent visualization of vegetations on the TV (72.7% vs 35.3%, P = .02), lower rates of echocardiogram-negative IE (13.6% vs 40%), and higher rates of surgical intervention (59.1% vs 24.6%, P < .01) as compared with PWID with sIE, whereas the median number of days of bacteremia (1 vs 3 days, P = .04) was lower. Multivariate analysis identified the presence of echocardiographically demonstrated TV vegetations (odds ratio [OR], 3.8; 95% confidence interval [CI], 1.2-11.9) and surgical intervention (OR, 5.1; 95% CI, 1.6-16.3) as being associated with rIE. One-year survival of patients from their initial episode of IE was 63.6% in the rIE group (14 patients) compared with 95.4% (62 patients) in the sIE group (P < .01) ( Figure 2 ). Of the 3 sIE patients who died after surviving their initial hospitalization for IE, 1 died from overdose and 2 died from unknown causes. Of the 8 individuals with rIE who died, 7 expired while hospitalized for management of their recurrent episode of IE, and 1 died postdischarge from unknown causes.
The opioid epidemic is a growing public health crisis in the United States, with drug overdose deaths, viral hepatitis, and infective endocarditis all increasing significantly over the past decade [16] [17] [18] . Compared with previous decades, a significant proportion of PWID now utilize prescription opioids intended for oral use [19, 20] . Further differences compared with the past are a higher number of rural dwelling and female PWID [16, 21] . Rural patients have different patterns of abuse than their urban peers, including an increased propensity to inject prescription opioids; the preferred prescription opioid in a region and its associated injection frequency and behaviors vary by geography [19, 22, 23] . Residence in rural areas has also proven to be a significant barrier to appropriate substance use disorder treatment as these areas are often medically underserved [24] . Consistent with the published literature, 25% of PWID in our study population who experienced an episode of IE developed rIE, with most episodes representing re-infections rather than relapses [5, 8, 25] . All of our patients with rIE acknowledged IDU relapse after their first episode of IE. Most cases occurred within 1 year of the prior episode, a phenomenon noted in other studies as well [5, 8] . These facts highlight the urgent need to provide effective substance use disorder treatment after hospital discharge [8, 26] .
There were a number of clinical features of rIE in our population, which suggests that a second episode of IDU-IE has specific characteristics as compared with initial episodes. First, the microbiology of rIE differed from that of first infections. Although S. aureus was still the most common cause of infection, isolation of that organism occurred less frequently with No further episodes of rIE n = 9
More than 2 episodes of IE n = 6 PWID with only one episode of IE n = 65
Died during hospitalization for first episode of IE n = 7
Not identified as PWID n = 219 Figure 1 . Selection of persons who inject drugs with repeat infective endocarditis. Abbreviations: IE, infective endocarditis; PWID, persons who inject drugs; rIE, repeat infective endocarditis.
rIE than initial episodes; the proportion of MRSA also declined, though this decrease did not reach statistical significance. The decline in occurrence of MRSA during rIE is somewhat surprising in light of a recent study showing that PWID are 16-fold more likely to develop invasive MRSA infections than other populations [27] . Streptococci, Candida infections, and enterococci were more commonly encountered in episodes of rIE, but those increases were not statistically significant. The reasons for the more varied microbiology of repeat episodes are unknown but may relate to lingering effects of prior antistaphylococcal therapy on cutaneous colonization with S. aureus or a change in injection practices after the first episode of IE. Second, surgery was less commonly performed with rIE even though vegetations were more frequently visualized. This observation likely reflects the ongoing concerns over repeat surgical intervention in a patient population at high risk for repeat infection [1, [28] [29] [30] [31] . Third, mortality at 1 year after an episode of rIE was high at ~36%, compared with a 1-year mortality of ~5% in PWID with sIE. We attribute this observation to the occurrence of a second severe infection, more varied microbiology, including more frequent Candida infections, and the fact that rIE may be a marker of more severe addiction. Given this high mortality, those with an admission for rIE should be prioritized for intensive addiction treatment.
Multivariate analysis comparing first episodes of IE in those PWID with sIE with those who went on to develop rIE (Table 3) found that surgical intervention and a visualized tricuspid valve vegetation during initial episodes were associated with subsequent development of rIE. Regarding the role of surgery, the presence of prosthetic material could have further predisposed a patient to repeat infection, especially in the setting of ongoing IDU, as both IDU and prosthetic valves are associated with rIE [5, 25, 31, 32] . Visualization of TV vegetations was the other factor associated with rIE in multivariate analysis. Tricuspid valve vegetations are considered a hallmark of IDU-IE [28] , but the presence of demonstrable vegetations on that valve by TTE has not previously been identified as a risk factor for recurrence of IE in PWID or in other populations of patients [5, 8, 25] . The reasons for that association are unclear. However, others have noted that echocardiogram-positive IE is associated with more complications and higher risk of death than echocardiogram-negative IE [33] and that mortality is associated with the size of the vegetations in right-sided infective endocarditis (RSIE) in PWID [34] . Thus, in PWID, another consequence of demonstrable TV vegetations via TTE may be an increased risk for rIE. A complex aspect of these cases is cost [35, 36] . As was apparent in our study, prolonged hospitalizations for rIE are common as these infections are severe and parenteral therapy is standard of care for IE [29, 30] . Not only are many physicians unwilling to discharge PWID home with intravenous access due to safety concerns, but practical barriers such as lack of home health services for this patient population also exist [37] . However, algorithms to identify patients who may be safely discharged home on outpatient parenteral antimicrobial therapy with central vascular catheters are now being developed [38] . The average total hospital costs for managing an episode of IE at our institution were ~$145 000, which is similar to previous studies [35] . Somewhat surprisingly, the costs of the repeat episode were no more than for the first episode despite higher clinical severity, as reflected by the Pitt bacteremia and APACHE II scores; this discrepancy may reflect the lower rates of surgical intervention during rIE. The summative costs of all episodes of endocarditis for this population of 22 individuals (1 patient had 5 endocarditis admissions), which occurred over a span of 5 years, exceeded $8 million. This cost represents an enormous economic burden for these patients and their families, as well as for the institutions that provide care to this frequently underinsured group of patients [37] .
Conceptually, the most effective intervention to reduce morbidity and mortality as well as the economic costs of rIE would be to address the root cause of these infections, which is substance use disorder [16, 26, 36] . In response to this crisis, our institution is working to expand its addiction treatment capabilities. However, this initiative remains a work in progress in our region and elsewhere as states are facing challenges from similar inadequate infrastructure [37, 39] .
There are several limitations to our study. First, this study was conducted at a single center located in the western Piedmont region of North Carolina, which is 1 of the epicenters of the injection opioid epidemic [40] . Thus, the population of PWID encompassed by our study may not reflect community characteristics in other locales. Second, the study was retrospective in design, which limits the precision of the data and the ability to access information not initially obtained by care providers. Third, identification of cases was dependent upon discharge diagnosis coding and collection of accurate information about IDU, both of which may have resulted in underestimating the true population of PWID with IE. Fourth, information about drug use was self-reported by the patients with no mechanism to ascertain the accuracy of that information. Last, given the social circumstances of many of the patients, follow-up data were sometimes challenging to obtain, and patients may have been admitted to other hospitals with rIE. We believe that this number would be small, however, as we are the major referral center in our catchment area. In addition, with the use of the NC death registry, we are confident that we captured most of the mortality data that pertained to our patients even though we recognize that patients who expired out of state would not be included in our mortality calculations.
In conclusion, PWID who experience IE are at high risk for recurrences, the majority of which are reinfections rather than relapses and most of which occur within 1 year. Repeat episodes of IE in PWID are clinically severe, manifest a more varied microbiology than first episodes, and are most often managed medically with fewer surgical interventions than first episodes. TV involvement and cardiac surgical intervention during the first episode of IE were associated with rIE by multivariate analysis. The mortality of rIE in PWID is high and dictates a need for more effective management strategies and preventive interventions in this population, which is at high risk for infective endocarditis. 
